Heller S, Cable C, Penrose H, Makboul R, Biswas D, Cabe M, Crawford SE, Savkovic SD. Intestinal inflammation requires FOXO3 and prostaglandin E2-dependent lipogenesis and elevated lipid droplets. Am J Physiol Gastrointest Liver Physiol 310: G844-G854, 2016. First published March 11, 2016 doi:10.1152/ajpgi.00407.2015.-Intestinal inflammation has been recently characterized by the dysregulation of lipids as metabolic and energy sources, revealing a novel feature of its pathophysiology. Because intracellular lipids, stored in dynamic lipid droplets (LDs), provide energy for cellular needs, we investigated whether they play a role in intestinal inflammation. In the inflamed intestine of mice, elevated LDs were found in colonic and infiltrating immune cells as shown by staining for the LD coat protein PLIN2 and for lipids with BODIPY. In colonic cells, TNF stimulated LD increases by receptor signaling rely on phosphatidylinositol 3-kinase activation. Downstream, TNF triggered a negative regulatory loop between LDs and the transcription factor FOXO3. This was shown in the colon of Foxo3-deficient mice, where elevation in PLIN2 and lipids were further facilitated by inflammation and were more prominent relative to wild-type, whereas, in colonic cells, inhibition of lipogenesis blocked the TNF-mediated loss of FOXO3. Furthermore, blockade of PGE2 synthesis abrogated TNF-stimulated increases in LDs and FOXO3 inactivation. We found in colonic tissue of Foxo3-deficient mice higher levels of cyclooxygenase-2, a mediator of prostaglandin E2 (PGE2) synthesis, supporting involvement of PGE2 in the LD-FOXO3 regulatory loop. Ultimately, TNF-stimulated lipogenesis leading to elevated LDs facilitated NF-B-mediated increases in IL-8 protein, which is associated with the surface of LDs found in the lumina of the endoplasmic reticulum and Golgi apparatus. This novel immunometabolic mechanism of colonic inflammation involving elevated LDs could provide opportunities for new treatment options.
INFLAMMATORY BOWEL DISEASE (IBD) is characterized by immune cell infiltration of the involved tissue, secretion of inflammatory mediators (e.g., cytokines), and activation of inflammatory pathways (16) . Emerging data reveal that IBD pathobiology is also associated with dysregulation of energy sources found within lipids, such as significantly altered lipid levels, secretion of obesity-like mediators (adipokines), and mesenteric fat accumulation ("creeping fat") (2, 4) . As this increase in lipid metabolism might be an adaptive mechanism supporting the high-energy requirements of inflammation, it is possible that their regulation is interdependent. This notion is supported by a recent study demonstrating that blockade of lipogenesis ameliorates intestinal inflammation in mice (33) , revealing the immunometabolic feature of the disease. However, the regulation of lipid metabolism in inflammation and the possible mechanisms involving lipids as drivers of intestinal inflammation remain unclear.
TNF-␣ is markedly enhanced in IBD-affected tissue, and several monoclonal antibodies directed against TNF provide effective treatment options. TNF drives intestinal inflammation, in part, by stimulating cytokine production (23) , which relies on receptor signaling pathways leading to activation of the transcription factor NF-B (27) . Elevated TNF is also found in lipid-storing tissues, such as the liver and fat, mediating increases in intracellular lipolysis, leading to elevation of lipid mediators and lipid levels (11) . However, in nonlipidstoring tissue such as the intestine, whether TNF has the ability to stimulate lipid metabolism and whether lipid and cytokine regulation is codependent remain unexplored.
Intracellular lipids stored in dynamic organelles known as lipid droplets (LDs) provide metabolic energy for diverse cellular functions (14, 32) . LDs are coated with proteins from the perilipin family (PLIN1-5) (8, 31) , some of which are involved in the regulation of lipid metabolism (18, 34, 45) . LDs are formed at the endoplasmic reticulum (ER) during a complex process involving lipogenesis and multiple maturation steps (3) . Although initially LDs were viewed only as lipid-storage organelles in adipocytes and liver cells, emerging data reveal that their elevation in other tissues is associated with disease (17, 48) . Among the diverse regulatory roles that LDs play in cellular function (48) , they were recently implicated in the storage of enzymes and precursor molecules involved in prostaglandin E2 (PGE2) synthesis (5) , supporting an indirect role for these lipid depots in inflammation. However, the regulation and function of LDs in intestinal inflammation is still unclear.
Here, we demonstrate that in inflammatory conditions increased LDs in colonic cells are mediated through TNF receptor signaling, leading to activation of a negative lipogenic regulatory loop involving FOXO3 and PGE2. Increases in TNF-mediated cytokine depend on elevated lipogenesis and are associated with the surface of LDs in the lumina of the ER and Golgi apparatus. These novel findings could provide the opportunity to pursue new therapeutic strategies targeting LDs for the treatment of intestinal inflammatory diseases. Treatments and inhibitors. Experimental monolayers were stimulated with human recombinant TNF (10 ng/ml; R&D Systems, Minneapolis, MN) for different lengths of time. LD accumulation was stimulated with oleic acid (300 M, Sigma). The lipid synthase inhibitor, C75 (5 g/ml, 50 g/ml; Cayman Chemical, Ann Arbor, MI) was used for LD depletion. Blockade of EGFR was accomplished by AG1517 (1 M; Calbiochem, San Diego, CA), IKK by PS1145 (9 mM; Sigma), and phosphatidylinositol 3-kinase (PI3K) by wortmannin (200 nM; Calbiochem). For inhibition of PGE2 synthesis, sulindac (2 M; Sigma) was used. Serum-starved monolayers were preincubated with inhibitors for 30 min before TNF treatments.
MATERIALS AND METHODS

Cell
Immunofluorescent staining. Experimental cells grown on coverslips were fixed with 3.7% formaldehyde and immunofluorescently stained for FOXO3 (Cell Signaling Technology, Beverly, MA), IL-8 (Santa Cruz Biotechnology, Santa Cruz, CA), p65 (Cell Signaling Technology) (43, 44) , calnexin (30) (Abcam, Cambridge, MA), and syntaxin 6 (19) (Abcam) as described previously (43, 44) . For LD staining, fixed monolayers were incubated with 1 g/ml BODIPY 493/503 (Molecular Probes, Eugene, OR) (38) . Slides were washed, mounted with Prolong Gold antifade reagent containing DAPI (Invitrogen, Carlsbad, CA), and observed using fluorescent microscopy (Olympus DP80 with camera software for CellSens Dimensions). For localization studies, z-stack images were acquired with an Olympus Fluoview FV1000 multiphoton laser-scanning microscope (Louisiana Cancer Research Consortium, Imaging Core, New Orleans, LA). Distance and LD size measurements were performed with ImageJ software (NIH).
Protein extraction and immunoblotting. Protein from experimental cells and colonic mucosa of mice were extracted and immunoblotted as described previously (43, 44) . Specific antibodies against the following proteins were used: PLIN2 (Santa Cruz Biotechnology), pFOXO3 (Cell Signaling Technology), cyclooxygenase 2 (COX-2) (Cell Signaling Technology), IB␣ (Cell Signaling Technology), p65 (Cell Signaling Technology), IL-8 (Santa Cruz Biotechnology), and ␤-actin (Cell Signaling Technology) (38, 43, 44) . Proteins were visualized with IRDye-conjugated secondary antibodies (LI-COR Biotechnology, Lincoln, NE) using the Odyssey infrared imaging system (LI-COR Biotechnology).
LD isolation. LDs were isolated by density-gradient centrifugation following a protocol adapted from Ding et al. (13) . Semiconfluent HT-29 cells (ϳ1 ϫ 10 8 cells) treated with TNF and oleic acid (24 h) were harvested with a rubber policeman in PBS. Cell pellets were resuspended in hypotonic buffer (10 mM Tris·HCl, pH 7.4, 1 mM EDTA) containing protease inhibitors (complete mini; Roche Diagnostics, Mannheim, Germany), incubated on ice for 30 min, and disrupted by Dounce homogenization (20 strokes). Cell homogenates were centrifuged (3,000 g, 4°C, 10 min), and the postnuclear supernatant was adjusted to 0.25 M sucrose concentration. The final volume of 6 ml was transferred to an ultraclear centrifuge tube (Beckman Coulter, Fullerton, CA) and overlaid with 3 ml of 0.125 M sucrose in hypotonic buffer with protease inhibitor and 3 ml buffer only. After centrifugation in a SW 41 rotor (182,000 g, 4°C, 1 h; Beckman Coulter), the tubes were frozen (Ϫ80°C) followed by thawing of the top layer (ϳ3 mm) with warm air to obtain the floating LD fraction.
IL-8 quantification by ELISA and qPCR. For quantification of intracellular IL-8, cells were suspended in extraction buffer (100 mM Tris·HCl pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate) containing protease inhibitor (10 l/ml, Sigma) (38) , and supernatant was used to determine IL-8 levels using ELISA (R&D Systems) according to the manufacturer's protocol. Expression of IL-8 mRNA was determined using qPCR. Total RNA from experimental cells was isolated using QIAzol Lysis Reagent (Qiagen, Valencia, CA) according to the manufacturer's protocol. DNase-treated mRNA was reverse transcribed with Oligo-dT12-18 primers of the SuperScript First-Strand Synthesis System (Invitrogen) following the standard protocol. For quantification of resulting cDNA, the C1000 Thermal Cycler system (Bio-Rad, Hercules, CA) and iQ SYBR Green DNA double-strand binding dye (iQ SYBR Green Supermix, Bio-Rad) were used. The following primers specifically amplifying IL-8 (CXCL8 forward: 5=-GTG-CAGTTTTGCCAAGGAGT-3=, reverse: 5=-CTCTGCACCCAGT-TTTCCTT-3=) and hypoxanthine-guanine phosphoribosyltransferase (HPRT-1) (HPRT-1 forward: 5=-GACCAGTCAACAGGGGACAT-3=, reverse: 5=-AACACTTCGTGGGGTCCTTTTC-3=) were utilized (50) . To determine the relative levels of IL-8 mRNA, the comparative Ct method was employed.
Chromatin immunoprecipitation assay. After being cross linked with 2 mM disuccinimidyl glutarate and 1% formaldehyde, cells were lysed, DNA was sheared (200-1,000 bp) by sonication, and fragments were incubated with p65 antibody (Cell Signaling Technology). The specific p65 binding regions were enriched with the chromatin immunoprecipitation (ChIP) assay kit (Millipore, Billerica, MA) according to the manufacturer's protocol. Amplification of p65 bound to IL-8 promotor sequence was accomplished by PCR using the following primers: CXCL8 forward: 5=-TGGCTGGCTTATCTTCACCA-3=, reverse: 5=-CGATTTGCAACTGATGGCCC-3=.
Animals. C57BL/6J strain, wild-type, and Foxo3-deficient mice (29) were housed in the Biological Resources Laboratory at Tulane University facility. Colonic inflammation was induced by 2.5% dextran sulfate sodium (DSS; MP Biomedicals, Solon, OH) introduced in drinking water for 5 days. All guidelines and experimental procedures were approved by the animal ethics committee, and procedures were applied in accordance with approved animal care protocols.
Histological analysis. Tissue sections were immunohistostained after antigen retrieval with anti-PLIN2 (1:100, 1 h; LSBio, Seattle, WA). Antibody labeled with horseradish peroxidase was added, followed by incubation with diaminobenzidine chromogen and then counterstained with hematoxylin. Tissues were dehydrated in graded alcohol and xylene and then coverslipped using Permount (Biomeda, Foster City, CA). Images were obtained using the slide scanner Aperio CS2 and prepared by Image Scope software.
Frozen colonic tissue sections fixed with 3.7% formaldehyde and incubated in PBS for 5 min were stained with BODIPY 493/503 (1 g/ml) for 20 min in the dark (38) . After being washed in PBS, coverslips were mounted using ProLong antifade reagent containing DAPI. Images were observed with an Olympus DP80 fluorescent microscope.
Statistical analysis. Statistical analysis was performed with ANOVA and Student Newman-Keuls posttest or Student's unpaired t-test using GraphPad Instat 3 software (GraphPad Software, La Jolla, CA). All data are represented as means Ϯ SE for a series of experiments, and a P value of Ͻ0.05 was considered significant.
RESULTS
Increased LDs associated with colonic inflammation are mediated by TNF-stimulated lipogenesis.
Recently, it has been demonstrated that systemic blockade of lipid synthesis ameliorates colitis in mice (33) , revealing dependency of intestinal inflammation on lipogenesis. However, the cellular source of lipids, the mechanisms involved in their regulation, and whether they facilitate intestinal inflammation remain unexplored. Here, we found in the inflamed intestine of mice elevated LDs in colonic and infiltrating immune cells. In control mice, immunohistostaining for the LD coat protein PLIN2, a marker for LDs (34) , localizes primarily at the base of colonic crypts, as we described previously (38) . In inflamed colons, PLIN2 is found to be increased in epithelial cells along the entirety of the crypts as well as in infiltrating immune cells (Fig. 1A) . Similarly, fluorescent BODIPY staining of neutral lipids indicates that elevated LDs are associated with colonic inflammation in mice (Fig. 1B) . Although elevated LDs in infiltrating immune cells could also be involved in driving the pathophysiology of intestinal inflammation, in this study, we focused on LD regulation in colonic cells. Because TNF is critical in intestinal inflammation (23), we assessed its ability to elevate LDs in both nontransformed (NCM460) and transformed (HT-29) human colonic cells. In both NCM460 and HT-29 cells, BODIPY staining shows that a few resting cells contain small ϳ0.3-m LDs, whereas TNF (6 h) treatment mediates increases in their size up to 1.0 m (Fig. 1, C and D) . Moreover, TNF (6 h) stimulates increases in the number of LD-positive cells by ϳ3.8-fold and the number of LDs per cell by 1.5-fold (Fig. 1E) , which progressed more than twofold by 24 h (data not shown), revealing a time-dependent increase. Additionally, immunoblotting demonstrates that TNF significantly elevates PLIN2 by ϳ3.6-fold relative to control (Fig.  1F) . Similarly, in the LD fraction obtained from HT-29 cells treated with TNF and oleic acid (previously shown to stimulate increases in LDs) (38), we found elevated PLIN2 compared with control cells, further supporting these findings (Fig. 1G) . Blockade of lipid synthesis with C75 inhibits TNF-mediated increases in LDs in both NCM460 and HT-29 cells, as shown by BODIPY staining and immunoblotting for PLIN2 (Fig. 1,  C-F) , suggesting that TNF induces increases in LDs, in part, through lipogenesis. Notably, blockade of lipid synthesis by C75 also diminishes basal levels of PLIN2 (Fig. 1F) , revealing that lipogenesis is critical, not only for increases in LDs, but also for maintaining their homeostasis in resting cells. These data demonstrate that colonic inflammation is associated with elevated LDs mediated by TNF-stimulated lipogenesis. Thus we further assessed the regulation and function of TNF-mediated increases in LDs in colonic cells.
TNF-stimulated increases in LDs depend on receptor signaling, leading to activation of the PI3K pathway. As TNF acts via receptor-mediated activation of downstream pathways (27) , we examined whether elevation of LDs is dependent on receptor signaling. Also, because in intestinal cells TNF can transactivate the EGF receptor (EGFR) (49) , which also leads to elevated LDs in colonic cells (37), we first assessed whether TNF increases LDs via its own receptor or EGFR. Following pharmacological inhibition of EGFR by AG1517, TNF-mediated increases in LDs are unaffected in HT-29 cells, as shown by BODIPY staining and immunoblotting (Fig. 2, A and B) , indicating that EGFR is not involved. Because downstream TNF receptor activation triggers the IKK and PI3K pathways (42), we assessed whether these signal transducers mediate increases in LDs. In HT-29 cells, TNF-mediated increases in LDs remain unaffected following IKK-␤ blockade with PS1145 (Fig. 2, A and B) ; however, in resting cells, this blockade alone stimulated LDs. This finding suggests that in colonic cells inducible LDs are independent of IKK-␤, yet this pathway might be involved in their homeostasis in a resting state. In contrast, inhibiting PI3K with wortmannin abrogates TNF-mediated increases in LDs, as shown by BODIPY staining and immunoblotting in HT-29 and NCM460 cells (Fig. 2,  A-C) . While inhibition of lipogenesis by C75 significantly reduces basal levels of PLIN2 (Fig. 1F) , wortmannin diminishes only TNF-stimulated increases (Fig. 2B) , suggesting that the PI3K pathway might be involved in LD growth. These data reveal that increases in LDs in colonic cells depend in part on TNF receptor-mediated activation of PI3K.
TNF-stimulated LDs depend on a lipogenic negative regulatory loop involving FOXO3 and PGE2. We and others have demonstrated that deficiency in the transcription factor Foxo3 leads to elevated LDs in the liver and colonic cells of mice (38, 47) , indicating that increases in LDs depend on loss of FOXO3. Also, loss of FOXO3 is blocked by LD depletion following inhibition of lipogenesis (38) . Therefore, we showed that LDs rely on FOXO3 function and that FOXO3 function depends on LDs, supporting existence of an LD-FOXO3 negative regulatory loop (38) . Because intestinal inflammation depends on loss of Foxo3 function (44), we investigated whether LD-FOXO3 could be triggered by inflammatory stimuli. In agreement with previous findings (38), PLIN2 expression was significantly increased in colonic mucosa of Foxo3-deficient mice compared with wild-type (Fig. 3A) . In an inflammatory setting, PLIN2 levels were increased threefold in wild-type and more than sevenfold in Foxo3-deficient mice. Similarly, BODIPY staining indicates further increases in LDs with inflammation in Foxo3-deficient colon (Fig. 3B) . Although it is important to consider involvement of other mechanisms, these data support that, in mouse colon, under both normal and inflammatory conditions, elevated LDs depend, in part, on loss of FOXO3. Because we previously showed that the TNF-mediated loss of FOXO3 occurs, in part, through PI3K (44), we assessed whether this loss is also dependent on lipogenesis. In HT-29 cells, TNF-stimulated FOXO3 phosphorylation, known to be an initial step in inactivation of this transcription factor (10), and translocation from the nucleus to the cytosol are blocked by C75 (Fig. 3, C and D) . These data reveal that in colonic cells inflammatory stimuli induce increases in LDs, in part, via loss of FOXO3, which can be blocked by inhibition of lipogenesis, indicating that TNF triggers a LD-FOXO3 negative regulatory loop.
Additionally, several studies have shown in resting cells a codependency between LDs and PGE2 synthesis (1, 6, 7); however, it is unclear whether TNF-mediated increases in LDs also rely on PGE2 and whether FOXO3 and PGE2 are codependent. Here, we observe that, in NCM460 and HT-29 cells, inhibition of PGE2 synthesis with sulindac attenuates TNFmediated increases in LDs, as shown by BODIPY staining (Fig. 3, E and F) and immunoblotting (Fig. 3G) . Because sulindac does not affect basal PLIN2 levels (Fig. 3G) , as seen following wortmannin treatment (Fig. 2B) , we speculate that PGE2 also likely plays a role in LD growth. Moreover, in colonic cells, TNF-mediated FOXO3 translocation from the nucleus to the cytosol (inactivation) is attenuated by sulindac (Fig. 3H) , supporting that loss of FOXO3 is dependent in part on PGE2 synthesis. In colonic mucosa of Foxo3-deficient mice, we detect elevated COX-2 levels (Fig. 3I) , a mediator of PGE2 synthesis (15) . Altogether we show in colonic cells that increased LDs and the loss of FOXO3 depend on PGE2 synthesis, and PGE2 synthesis depends on loss of FOXO3, supporting that the LD-FOXO3 negative regulatory loop involves PGE2 (Fig. 3J) .
Increased LDs facilitate TNF-mediated IL-8 transcription by supporting NF-B activity.
We next assessed whether TNFstimulated increases in LDs and their regulatory loop are involved in intestinal inflammation. Because intestinal inflammation is dependent on NF-B-mediated cytokine expression such as IL-8 (23, 27), we examined whether they depend on elevated LDs. As degradation of inhibitory IB␣ leading to NF-B activation is unconventional in HT-29 cells (21), colonic HCT116 cells were employed because they also accumulate LDs in response to TNF treatment, yet to a lesser degree than in HT-29 (Fig. 4A) . In HCT116 cells, although TNFmediated degradation of IB␣ was unaffected by PS1145, wortmannin, and sulindac, it was effectively blockaded by C75 (Fig. 4B) . This suggests that TNF-mediated IB␣ degradation could depend on increases in LDs mediated by lipogenesis, whereas IKK-␤, PI3K, and PGE2 mediation of their growth is likely uninvolved. Consequently, C75 prevents TNF-mediated NF-B activation, as it blocks translocation of p65, a NF-B subunit (20) , from the cytosol to the nucleus and binding to the promoter of IL-8 (ChIP assay) (Fig. 4, C and D) . Following treatment with C75 (50 g/ml), IL-8 mRNA expression is significantly attenuated by 64.5 Ϯ 2.6% (Fig. 4E) . At a lower concentration, C75 (5 g/ml) also attenuates IL-8 mRNA expression but to a lesser extent. Moreover, although TNFstimulated intracellular IL-8 protein levels are unchanged in the presence of PS1145, wortmannin, and sulindac, they are effectively lowered by C75 (Fig. 4F) . As anticipated in HT-29 cells with oleic acid-stimulated LDs (38) , TNF-mediated increases in IL-8 are significantly higher relative to TNF alone (Fig. 4F ), yet it is important to consider that oleic acid could increase not only lipogenesis but also lipolysis. A similar trend was seen with released IL-8 (data not shown). These data demonstrate that in colonic cells TNF-stimulated NF-B activation and IL-8 expression are dependent in part on increases in LDs mediated by lipogenesis.
Intracellular IL-8 protein is associated with the surface of LDs in the lumen of the ER and Golgi. Emerging data reveal that, in certain pathophysiological processes, LDs could be physically associated with regulatory protein, as seen in liver cells infected with hepatitis C virus (HCV) (28, 48) . Also, because the ER and Golgi apparatus are required for LD maturation and function (48), we assessed in colonic cells whether TNF-mediated increases in LDs and IL-8 protein share any physical association in these secretory pathways. Immunofluorescent costaining of LDs with BODIPY and an IL-8 antibody shows that, in colonic cells treated with TNF, 34.4 Ϯ 4.7% of LD-positive and 14.2 Ϯ 2.6% of LD-negative cells contain IL-8 (Fig. 5, A and B) . Furthermore, confocal images of costained IL-8 with PLIN2 demonstrate that the surface of LDs and IL-8 protein are associated (Fig. 5C) . Moreover, confocal images demonstrate that TNF-stimulated LDs and IL-8 are found to colocalize with ER membrane protein calnexin, supporting their colocalization inside of the ER (Fig. 5D) . Similarly, colocalization of IL-8 and LDs with Golgi membrane protein syntaxin 6 reveals their presence in the Golgi apparatus (Fig. 5E ). These data indicate that in colonic cells TNFstimulated LDs and IL-8 are physically associated within the secretory pathways of the ER and Golgi.
DISCUSSION
Intestinal inflammation has been recently characterized by elevated lipid mediators found within the circulation, as well as within the affected tissue (2, 4) ; however, the role of intracellular lipids in the pathophysiology of the disease is unclear. Because increased lipids could provide the metabolic support necessary for the inflammatory process, it is plausible that their regulation and function might be coregulated with inflammatory mediators. Here, we demonstrate in the inflamed colon that increased intracellular LDs are facilitated by TNF receptor signaling and are dependent, in part, on a lipogenic regulatory /ml) ; input represents total chromatin levels before immunoprecipitation, indicating that equal amounts of samples were applied to ChIP followed by PCR. E: total RNA was extracted from HT-29 cells treated with TNF (2 h) in the presence of C75 (5 g/ml and 50 g/ml), and IL-8 transcription levels were determined with qPCR (n ϭ 3, *P Ͻ 0.05, *compared with Con, #P Ͻ 0.05, compared with TNF alone). F: in HT-29 cells treated with TNF (4 h) with and without PS1145, wortmannin, sulindac, C75, or OA (24-h pretreatment), intracellular IL-8 protein levels were quantified by ELISA (n ϭ 3, *P Ͻ 0.05, compared with Con, #P Ͻ 0.05, compared with TNF alone).
network involving FOXO3 and PGE2. We propose a model in which increased lipogenesis-mediating elevation in LDs could support NF-B activity, thus facilitating production of cytokines that are associated with the surface of LDs found in the ER and Golgi (Fig. 6) . These novel findings demonstrate that intestinal inflammation is dependent on intracellular lipid metabolism, providing an opportunity to develop new therapeutic strategies for treatment.
In the last decade, numerous studies have demonstrated that augmented lipid metabolism promotes inflammation associated with obesity, yet the regulatory and functional interdependency between lipids and inflammatory mediators in human diseases is not well understood. Although findings among animal models and human studies differ as to whether TNF stimulates lipolysis or lipogenesis or both (11), TNF-dependent lipid metabolism is most likely tissue specific. Distinct to what is known about lipid-storing adipose and liver tissues (11, 41) , in colonic epithelial cells, we demonstrated that TNF stimulates lipogenesis, leading to increases in LDs. Although similar findings are demonstrated in skin cells associated with inflammation (12) , it is important to take into account that, in epithelial cells, TNF might also promote lipolysis. Also, the role of elevated LDs in immune cells in intestinal inflammation needs further investigation, as one study demonstrates that mouse neutrophils containing high levels of LDs could have an enhanced immune response (40) . Moreover, downstream of the TNF receptor, select signaling is utilized to increase LDs. We and others have shown in different cell types that activation of PI3K is important for increasing LDs following various stimuli (36 -38) , which recently has been supported with findings demonstrating its critical role in initiation of LD growth (39) . In contrast, the IKK pathway appears uninvolved in the TNF induction of LDs, yet IKK-␤ might be critical in maintaining their homeostasis in resting colonic cells. In liver cells, IKK-␣ is essential for HCV-induced LDs (28), suggesting a tissuespecific role for different subunits of this kinase in LD regulation. Therefore, in colonic cells, multiple pathways could be involved in the regulation of LD homeostasis and their TNFmediated increases.
Downstream of TNF receptor signaling, LD elevation is dependent on a negative regulatory loop consisting of FOXO3 and PGE2 synthesis. We and others have previously demonstrated in resting cells the existence of a LD-FOXO3 negative regulatory loop that includes Sirtuin6 (22, 38) . Here we showed that this regulatory network is utilized by TNF receptor signaling and also includes PGE2. Because LD formation is a multistep process (3) and because PGE2 synthesis requires lipid precursors, it is likely that PGE2 plays a role in LD growth following lipogenesis. Limited studies have also described the PGE2-FOXO3 regulatory network in muscle tissue (9) , suggesting that a similar mechanism might be utilized in intestinal inflammation and energy-producing muscle tissue. Moreover, because FOXO3 levels are considerably low in IBD-affected tissue (35) , it is plausible that this molecule is at the intersection between lipid metabolism and inflammation. Because increases in LDs and their growth require multiple pathways and genes, it is important to take into account that a FOXO3-PGE2 regulatory network could be one of the mechanisms triggered by TNF to synchronize the metabolic energy found within lipids with production of inflammatory mediators.
Functionally, with colonic inflammation, elevated LDs could promote NF-B activity, consequently facilitating cytokine expression. Emerging studies in lipid-storing tissues have shown that NF-B activity depends on increased LDs. The loss of function of Sirtuin6, leading to lipogenesis-mediated increases in LDs (22, 38) , stimulates NF-B-dependent cytokine expression (25, 46) . Moreover, adipose triglyceride lipase, an LD-associated protein that conducts lipolysis, when attenuated leads to elevated LDs and NF-B-mediated cytokine production in adipocytes (26) . Thus, because LDs are dynamic organelles dependent on both lipogenesis and lipolysis, and because regulators of these processes could stimulate cytokine expression, their role in intestinal inflammation could be critical. Also, as blockade of upstream pathways involved in LD growth did not attenuate cytokines, it is plausible that signaling from unstored lipids could contribute to inflammation. Together, we speculate in colonic cells that TNF-stimulated lipogenesis leading to elevated LDs could be critical in driving cytokine expression. Additionally, in colonic cells, we found that intracellular cytokines were associated with the surface of LDs within the ER and Golgi apparatus. It is unclear at this point whether the association between LDs and IL-8 has a function, but it is plausible that this could play a role in cytokine secretion. This notion could be supported by recent findings in polarized colonic monolayers in which stimulated LDs utilize the ER to be released to the basolateral side (3), supporting a need to further investigate codependency of their release.
IBD is associated with changes in lipids (2, 4), which is a novel immunometabolic characteristic of the disease requiring further understanding. Although the abnormal dynamics of LD regulation are not well understood, evolving studies reveal their significance in diverse cellular functions (24, 48) and also their association with many metabolic diseases, including obesity, diabetes, atherosclerosis, fatty liver, cancer, and inflammation (17) . Our study provides new insight into mechanisms of regulation of intestinal epithelial LDs and underlines the significance of their function in cytokine production that could be utilized as a new therapeutic target in the treatment of intestinal inflammation.
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